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Adenine nucleotide and protein kinase C regulation of renal tubular
epithelial cell wound healing. The present studies were done to determine
the effect of selected adenine nucleotides on healing of wounds made by
mechanically denuding areas in confluent monolayers of renal tubular
epithelial cells. We found that hydrolyzable and nonhydrolyzable forms of
ATP but not UTP stimulated healing of LLC-PK1 cell wounds, while both
ATP and UTP promoted healing of MDCK cell wounds, suggesting that
different subtypes of purinoceptors regulated wound healing in these cells.
Stimulation of wound healing by ATP was equivalent in control cells and
in cells in which irradiation suppressed proliferation, suggesting a prom-
inent role for cell migration in the healing process. Since ATP receptors
are often linked to activation of protein kinase C, the effect of a protein
kinase C activator (4/3-phorbol 12-myristate 13-acetate, PMA) on wound
healing was studied. Long-term (24 hr) exposure to PMA inhibited while
short-term (30—120 mm) exposure to PMA enhanced cell wound healing.
Two chemically and mechanistically dissimilar protein kinase C inhibitors
(calphostin C and chelerythrine) inhibited LLC-PK1 and MDCK cell
wound healing, and calphostin C prevented ATP enhancement of LLC-
PK1 healing. These observations suggest a role for protein kinase C in
regulation of basal and adenine nucleotide-stimulated wound healing.
Adenosine triphosphate did not affect cell-cell adhesion of either LLC-
PK1 or MDCK cells. Adenine nucleotides and PMA enhanced and
calphostin C inhibited short-term adhesion of LLC-PK1 and MDCK cells
to plastic and to other substrates such as fibronectin, laminin and collagen
type IV. These results demonstrate that ATP and protein kinase C can
stimulate healing of two types of renal tubular epithelial cell wounds. The
effects of ATP to promote wound healing appear to occur by purinocep-
tors which stimulate cell migration, and a protein kinase C mechanism
may be involved in this migration.
Contemporary acute renal failure is associated with high mor-
bidity and mortality [1]. In view of this high morbidity and
mortality, the reported effects of adenine nucleotides to speed
recovery from experimental toxic and ischemic renal injury are of
considerable interest [2—4]. Although both in vivo and in vitro
experimental studies find that selected adenine nucleotides can
stimulate recovery from acute renal failure, the mechanism(s)
underlying this effect remains to be completely determined [2—4].
It is generally accepted that biological responses to extracellular
adenine nucleotides are found in virtually every organ and/or
tissue system studied [5—10]. Many of these responses are medi-
ated by specific purinergic receptors (purinoceptors [5—10]). Sub-
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stantial evidence suggests that purinoceptors are present on
several kidney cell types. These renal cell purinoceptors are linked
to diverse signal transduction processes, including hydrolysis of
inositol phospholipid with mobilization of intracellular calcium
and translocation of protein kinase C [11—14], enhanced expres-
sion of oncogenes [15], inhibition of adenylate cyclase activity [11]
and stimulation of ion channels [16—18]. Some of these cellular
events may serve as the basis whereby adenine nucleotides
regulate not only aspects of intact kidney function such as vascular
reactivity and tubular transport [19, 20], but also aspects of
individual renal cell function such as proliferation and migration
[3, 4, 21—23].
The present studies were undertaken to gain a better under-
standing of possible mechanisms involved in nucleotides to pro-
mote recovery from acute renal failure. In view of the potential
multiplicity of effects of adenine nucleotides in intact kidneys, we
utilized monolayers of two renal tubular epithelial cell lines.
Several experiments were undertaken to delineate how nucleo-
tides promote the re-establishment of denuded areas in an intact
renal tubular epithelial cell monolayer.
Methods
Materials
Adenosine triphosphate (ATP), 4-phorbo1 12-myristate 13-
acetate (PMA), and uridine 5' triphosphate (UTP) were obtained
from Sigma. Adenosine 5'-0'-3-thiotriphosphate (ATPyS) was
obtained from Research Biochemicals. Calphostin C and chel-
erythrine were obtained from Calbiochem.
Cell culture
LLC-PK1 and MDCK cells were originally obtained from
American Type Culture collection. LLC-PK1 and MDCK cells
were studied between 70 to 100 passes. LLC-PK and MDCK cells
were grown in RPMI (Hyclone) and MEM (Sigma) media,
respectively. Both media were supplemented with 2.5 m sodium
bicarbonate, 16 mrvi Hepes, 100 L/ml penicillin and 200 .rg/ml
streptomycin. Newborn calf serum (6%) was added for the first
three days following a passage until the cells were monolayered.
Cells were maintained in serum free media for 48 hours prior to
each experiment. The cultures were maintained at 37°C with
humidified air that was 5% CO2. Cells for wounding were grown
in 60 mm dishes (Falcon). Healthy appearing confluent, quiescent
monolayers were selected for study.
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Wound preparation
A sterile 200 jil pipet tip of an Eppendorf pipet was used to
gently remove strips of cells from the monolayer. Each wound
consisted of removal of two 2 to 4 mm strips of cells. One strip was
horizontal while the second was a perpendicular, vertical strip
which bisected the middle of the horizontal strip resulting in a
cross shaped wound. Wound healing was quantitated by measur-
ing the area of the rectangle formed where the two perpendicular
strips of removed cells intersected. These measurements were
made with an eyepiece reticule in an inverted microscope with
phase optics (NIKON IM 35) at lOx power. Studies of 36
measurements of the wound surface area by two independent
observers (HS and RB) demonstrated a high degree of interob-
server correlation (r = 0.817, P < 0.0001) of wound area surface
area. Repeated measurements of eight wounds conducted by one
observer (HS) also revealed a high coefficient of intraobserver
correlation (r = 0.981, P < 0.0001) of wound surface area. A
single investigator (HS) measured all wounds in the present
studies and was not aware as to the wound treatment and/or
experimental condition of any cell monolayer. Between two and
six wounds were placed in the center of each monolayer. Wound
surface area measurements were made immediately after and at
24 and 48 hours after wound creation. In several studies, time
lapse photographs were made at 12, 24, and 48 hours after wound
creation. Analysis of these photographs confirmed eyepiece mea-
surements of wound healing. This method of wounding produced
wounds that average 0.39 0.05 mm2 (N = 16) and required 96
to 120 hours to completely heal. In some studies, a similar cross
shaped wound was created by a sterile fine tipped needle. The
surface area of this type of wound averaged 0.04 mm2, and each
healed by 60 to 100% within six to eight hours. In these latter
studies, the wound surface area was measured immediately after
and at six hours after wound creation. When test agents were
used, they were added immediately after wound creation and
maintained throughout the period of observation.
3H-thymidine uptake and 5-bromo-2'-deosyuridine studies
LLC-PK1 and MDCK cells were grown to 80% confluence in 24
well panels. Cells were serum starved for 48 hours prior to adding
effectors. After 24 hours exposure to effector, media was replaced
with fresh media containing [methy-3H] thymidine (Amersham,
70 to 85 Ci mmol, 5 jd/ml media) for four hours. Cells were
washed 2x with PBS, 3 X with 5% trichloracetic acid, and then
were solubilized in equal parts 0.25 N NaOH and 0.1% SDS.
Radioactivity was determined by liquid scintillation counting
(Beckman Instruments). 5-Bromo-2'-deoxyuridine (BrdU) label-
ing was performed using a BrdU Detection Kit II (Boehringer
Mannheim Biochemicals). Briefly, BrdU labeling reagent was
diluted 1:000 with sterile MEM and placed on 60 mm plates of
LLC-PK1 and MDCK cells 48 hours after wound creation. Plates
were incubated at 37°C in 5% CO2 for four hours. BrdU labeling
media was removed and plates were washed 3X with washing
buffer. Cells were fixed with 70% ethanol in glycine buffer (50
mmol/liter, pH 2.0) for 20 minutes at 20°C. Plates were then
washed 3 x in washing buffer. Cells were covered with anti-BrdU
working solution and incubated for 30 minutes at —37°C. Cells
were washed again 3 X in washing buffer, covered with anti-
mouse-Ig-alkaline phosphatase solution and incubated for 30
minutes at 37°C. Plates were washed again 3x in washing buffer,
covered with color substrate solution and incubated for 30 min-
utes. Cells were finally washed 3x with washing buffer and were
counter-stained with Wright's stain. The nuclei stained in 10 high
power fields were counted.
Cell-to-matrix adhesion assay
The cell-to-matrix adhesion assay was modified from that
described by McCarthy et al [24]. LLC-PK and MDCK cells were
grown to 70 to 80% confluence and were radiolabeled by exposure
to media containing [methyl-31-I] thymidine (Amersham 70 to 85
Ci/mmol, 5 d/ml media) for 18 to 24 hours. Cells were removed
from culture dishes by trypsin/EDTA, washed, and aliquoted into
MEM with 2 mg/mi fatty acid free BSA plus various test agents at
different concentrations. Cells were then incubated at 37°C in a
humidified atmosphere of 95% air and 5% CO2 for hour. The
cells were then dispensed in a volume of 150 tl to each well of a
48 well multi-well (Beckon Dickinson) plate. The incubation time
was one hour. The assays were terminated by aspirating each well,
washing 2x with PBS, then 2>< with 5% trichioroacetic acid. Cells
were solubilized in 0.25 N NaOH and 0.1% SDS. Radioactivity
was determined by liquid scintillation counting. The 48 well plates
were coated with one of three known basement membrane
components including human fibronectin, laminin and collagen
type IV. All plates were pretreated for three hours with 650 d of
PBS containing fatty acid free BSA (2 mg/mI) to block binding to
non-specific sites immediately prior to use. In all studies, the ratio
of adherent cells to dispensed cells was obtained and used for data
analysis. All control and experimental conditions were performed
in duplicate. Experiments were repeated on three to six occasions.
Cell-to-cell adhesion assay
The cell-to-cell adhesion assay was modified from that de-
scribed by Urushihara, Ozaki and Takeichi [25]. Briefly, LLC-PK1
and MDCK cells were dissociated by treatment with 0.0 1% trypsin
in the presence of 1 m calcium, conditions that leave cell-to-cell
adhesion processes intact [25]. Subsequently, cells are washed 2x
in soybean trypsin inhibitor (0.5%) and allowed to aggregate at
37°C in calcium- and magnesium-free Hepes at pH 7.4 in the
presence and absence of 1 m calcium and 2 x iO M ATP. The
degree of aggregation was expressed as ratio of individual to
clumped cells per unit volume as visualized in a hemocytometer.
Statistical analysis
All calculations and analyses were carried out using an ATT PC
6300 desktop computer and INSTAT software. All data were
expressed as the mean SEM. Statistical analyzes were performed
using paired and unpaired Students' I-test, ANOVA and coeffi-
cient of correlation where appropriate. A P value < 0.05 is
considered significant. In all experiments, control and experimen-
tal observations were made. Since the absolute values of the two
cell types differed, the experimental values are often depicted as
the percentage of concomitantly studied control values to facili-
tate comparisons between the cell types.
Results
Recent studies from our laboratory suggest the presence of P2
purinoceptors on LLC-PK1 cells [11]. We therefore examined the
effect of a non-hydrolyzable P2,, agonist (ATPyS) on LLC-PK1
wound healing. As demonstrated in Figure 1A, ATPYS at 2 X
iO M significantly (P < 0.05) enhanced the degree of healing of
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LLC-PK1 cells relative to paired, untreated wounds. The concen-
tration of ATPyS used was selected since studies in other
laboratories found that iO— M was a near maximal concentration
to stimulate individual cell migration [22]. To determine if a
hydrolyzable form of ATP produced similar results and to provide
dose-response data, 24-hour wound healing was measured in
paired control LLC-PK1 cells and in cells exposed to 2 X 106,2
X i0, 2 X i04, and 2 X 10 M ATP. The percent of wound
surface area healed in these studies was 41.1 4.5, 40.3 3.9,
41.1 6.2, 50.1 5.0, and 56.7 2.5, respectively (the latter two
values P < 0.05 vs. control). In many systems, ATP may react with
several types of purinoceptors [6—91. We therefore examined the
effect of the pyrimidine uridine triphosphate (UTP, 2 X iO M),
an agent felt to be relatively inactive at some subtypes of the P2,,
purinoceptor (Fig. 1A). The agent UTP exerted virtually no effect
of LLC-PK1 wound healing.
To determine if the effects of ATPyS and UTP on wound
healing are renal tubular epithelial cell type specific, studies on
the effects of 2 x iO M concentrations of these nucleotides on
healing of comparable wounds made in MDCK cell monolayers
were done. As can be seen in Figure 1B, both of these agents
significantly promote MDCK cell wound healing relative to
concurrently studied, untreated control cultures.
Further studies were undertaken to delineate the mechanism(s)
whereby ATP promotes healing of renal epithelial cell wounds. To
differentiate the relative roles of cellular proliferation versus
migration in the effect of ATP to promote wound healing, three
types of studies were done. First, we measured the effect of
selected nucleotides on 3H-thymidine uptake in LLC-PK1 and
MDCK cells. The effect of 2 X i0M ATP, ATPyS, and UTP on
Table 1. Effect of ATP (2 X iO M) on percent of wound surface area
healed at 48 hours in control and irradiated LLC-PK1 and MDCK cells
Control ATP %
Increase%
LLC-PK1
Control 44.8 4.2 54.0 7.8a 21
Irradiated 44.3 3.0 57.2 4.2a 29
MDCK
Control 44.3 4.2 73.9 7.8a 67
Irradiated 33.5 2.3 54.5 5.V' 64
Values are expressed as the mean SEM of N = 4 in each condition.
aDenotes P < 0.05 vs. control
Values obtained at 24 hours revealed that ATP significantly (P < 0.05)
increased the percent surface area healed in both control and irradiated
cells to a virtually identical degree. The absolute values at 24 hours were
5 to 10% less than those observed at 48 hours.
3H-thymidine uptake (expressed as % of simultaneously studied
controls, N = 3 paired studies for each nucleotide) was 104 3,
103 11, and 103 11, respectively in LLC-PK1 cells (all NS),
and 129 23, 156 33, and 115 9, respectively in MDCK cells
(all P < 0.05 except UTP). These observations suggest that the
concentration of nucleotides found to promote wound healing
exert no proliferative effect in LLC-PK1 cells and a modest but
significant proliferative effect in MDCK cells.
Second, in an attempt to render both cell types relatively
quiescent with regard to proliferation, cells were irradiated with
4,000 rads. We have previously found that this amount of irradi-
ation reduces basal 3H-thymidine and BrdU uptake by 60 to 80%
in LLC-PK1 and MDCK cells [26]. In the present studies, BrdU
uptake was 6.3 0.3 and 0.7 0.1 nuclei/high power field in 2 x
iO M ATP7S-treated control and irradiated MDCK cells respec-
tively (P < 0.05). In 2 X iO ATPyS-treated control and
irradiated LLC-PK1 cells, BrdU uptake was 6.4 0.4 and 1.3
0.2 nuclei per high power field, respectively (P < 0.05). Despite
this evidence of a marked decrease in an index of proliferation
after irradiation, the effect of ATPYS to promote wound healing
at either 24 and 48 hours did not differ when control and
irradiated LLC-PK1 and MDCK cells were compared (Table 1).
Third, we studied very small wounds that heal rapidly (50 to 80%
healing within 6 hr). In these six hour studies, 2 x iO M ATPyS
significantly (P < 0.05) enhanced both LLC-PK1 (50 4%
increase over paired control, N = 6, P < 0.05) and MDCK (30
6% increase over paired control, N = 4, P < 0.05) cells. Together,
these experiments suggest that ATP promotes wound healing in
these cell types, at least in part, independent of cellular prolifer-
ation.
Several studies suggest that cellular ATP receptors may be
linked to activation of protein kinase C [11—14]. Moreover, in
lymphocytes and Chinese hamster ovary cells, protein kinase C
appears to regulate cellular adhesion and other processes poten-
tially important in mediating wound healing [27—30]. We there-
fore examined the effect of a protein kinase C agonist (PMA) on
LLC-PK1 and MDCK cell wound healing (Table 2). We found
that relatively brief exposure to PMA (two hours) significantly
increased 24-hour wound healing of large wounds made in
LLC-PK1 but not MDCK cells. To confirm these results, the
effects of briefer PMA exposure (30 mm) on healing of much
smaller wounds were measured. In these paired cells (N = 5 in
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Fig. 1. Effect of 2 >< iO M ATPYS and UTP on wound healing in
LLC-PK1 cells (A) and MDCK cells (B). Because of differences in the
control rates of healing, all values are expressed as the mean SEM (N =
6 to 8) of simultaneously studied controls. *Denotes P < 0.05 when
compared with control.
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Table 2. Effect of phorbol esters on LLC-PK1 and MDCK cell
wound healing
LLC-PK1 MDCK
Two hour exposure
Control (no treatment)
Control (DMSO, iO M)
Control (4 a PDD, iO M)
PMA (-log M) 9
8
7
65.0 2.4
66.8 3.2
66.1 5.9
78.5 4.6a
84.0 45
83.7 4.8a
74.1 3.2
74.8 3.2
72.4 2.5
67.3 3.0
67.1 3.0
Twenty-four hour exposure
Control (DMSO, 108 M)
Control (4 a PDD, iO M)
PMA (-log M) 9
8
7
38.8 3.4
39.7 2.5
15.0 4.Oa
23.5 5•5
10.5 3.6'
43.3 6.2
54.4 2.5a
53.6 4.8
40.5 6.6
25.9 45
Data are expressed as mean SEM of the percent of wound surface area
healed at 24 hours (N = 4 to 8 under each condition).
a Denotes P < 0.05 when compared with controls (none of control
values differed from each other)
each group), the percent of wound surface area healed at six hours
in LLC-PK1 cells was 79.4 2.8% in control and 78.5 5.7, 94.3
1.5 and 99.5 0.5% in i0, iO and io M PMA-treated
cultures, respectively (P < 0.05 for 10—8 and io M PMA). In
MDCK cells (N = 5 in each group), the percent of wound surface
area healed at six hours was 42 3.4% in control, and 55.8 3.9
(P < 0.05), 58.8 2.9 (P < 0.05) and 39.3 5.8 (NS) in iO,
10—8 and io M PMA-treated cells, respectively. Together with
previous results from our laboratory demonstrating that PMA
stimulates LLC-PK1 protein kinase C activity [11], these results
suggest a role for protein kinase C in healing of LLC-PK1 and
perhaps MDCK wounds. To further confirm this role, we exam-
ined the effect of long-term (24 hr) exposure to PMA on wound
healing (Table 2). This duration of exposure has been shown to
deplete cellular protein kinase C activity in many cell types [31,
32]. These results demonstrate that 24 hours exposure to PMA
inhibits LLC-PK1 cell wound healing and either exerts no effect or
inhibits MDCK cell wound healing.
To extend these observations, we examined the effects of two
chemically and mechanistically dissimilar inhibitors of protein
kinase C [33—35] on LLC-PK1 six-hour healing of wounds (Figs. 2
and 3). We found significant, dose-dependent effects of both
calphostin C (Fig. 2) and cheleiythrine (Fig. 3) to inhibit LLC-
PK1 healing. In all calphostin C experiments, the six hours of
study were performed under light-activated conditions [35]. In
studies in MDCK cells, six hours wound healing was 35.8 6.1,
39.3 6.3, 14.0 4.8 and 6.0 3.7% in control and 108, 10
and 10 M caiphostin C-treated cells, respectively (N =5 in each
group, P < 0.05 in io and 10—6 M caiphostin C-treated cells vs.
control). Together with our PMA studies, these results support a
role for protein kinase C to promote healing of LLC-PK1 and
MDCK cell wounds.
To determine if the effect of ATPyS to stimulate LLC-PK1
wound healing occurs via a protein kinase C-dependent mecha-
nism, we examined the effect of 2 X iO M ATPyS on healing in
the absence and presence of caiphostin C. Initially, we planned to
examine the effects of 10—7 M calphostin C on ATPyS-stimulation
of healing. However, in these studies, caiphostin C induced a 30%
decrease in the degree of healing at six hours. On this background,
Control Calphostin C
(—log M)
Fig. 2. Effects of caiphostin C on LLC-PKJ cell wound healing. Each bar
represents the mean SEM of 5 paired studies. *p < 0.05
8 7 6
Control Chelerythrine
(—log M)
Fig. 3. Effects of cheleiythrine on LLC-PK1 wound healing. Each bar
represents the mean SEM of 5 paired studies. *p < 0.05
ATPyS did not stimulate any healing in caiphostin C-treated
cultures, while it produced a 15% increase in control cultures.
Because the effect of 10—7 M caiphostin C to inhibit basal healing
rendered data interpretation difficult, additional studies were
done at 10—8 M calphostin C. In these paired studies, six hours of
wound healing in the absence of caiphostin C was increased by
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ATPYS from 29.1 3.7 to 68.5 5.8% (P < 0.05, N = 4). In the
presence of caiphostin C, six hour wound healing was 27.5 10.3
in the absence and 22.8 13.5% in the presence of ATPyS (NS,
N=4).
The process of wound healing may be in part dependent on
enhanced adhesion of cells to available substrates and to each
other. Conversely, it is possible that a decrease in cell-cell and
cell-matrix adhesion could facilitate healing. We therefore exam-
ined the effect of ATP and ATPyS on short-term adhesion.
Initially, we measured the effects of 2 X io, 2 X iO, 2 X i0
and 2 x 10 M ATP and ATPyS on LLC-PK1 and MDCK
adhesion to plastic, fibronectin and collagen type IV substrates. In
these studies, comparable results were obtained with either ATP
or ATPyS at concentrations of these nucleotides of either 2 X
iO or 2 x iO M. At these concentrations, the tested adenine
nucleotides increased LLC-PK1 cell adhesion to plastic by 240
5.0% relative to untreated controls (P < 0.05), while not signifi-
cantly increasing adhesion to either fibronectin or collagen type
IV (N = 4 in all groups). In MDCK cells, the tested adenine
nucleotides significantly increased adhesion to plastic and fi-
bronectin (232 4 and 165 4%, respectively, P < 0.05 vs.
control) but not to collagen type IV (N 4 in all groups).
To delineate if protein kinase C affects adhesion, the effect of a
30 minute exposure to PMA on LLC-PK1 or MDCK cells was
examined (Fig. 4). A significant (P < 0.05) dose-dependent effect
of PMA to increase adhesion of both LLC-PK1 and MDCK cells
to plastic, laminin and fibronectin was seen. To confirm these
results, the effect of exposure to the protein kinase C inhibitor
caiphostin C was examined (Figs. 5 and 6). Calphostin C (10 M)
significantly inhibited adhesion of both LLC-PK1 and MDCK cells
to plastic, collagen type IV, fibronectin and laminin substrates.
Neither ATP nor ATPyS at any concentration affected cell-cell
adhesion in either MDCK or LLC-PK1 cells (data not shown).
Discussion
Pioneering studies by Kartha and Toback found that several
adenine nucleotides including ATP, ADP, AMP and cAMP
stimulate migration of individual cultured African green monkey
kidney epithelial cells (BSC cells) into denuded areas produced
within a confluent monolayer [221. A comparable effect of aden-
osine to stimulate migration of BSC cells was also seen [22]. It has
been well established that distinct cellular receptors for adenosine
and for adenine nucleotides are present on nearly all cell types,
including renal epithelial cells [5—10]. Moreover, the ubiquitous
presence of nucleotidases and phosphodiesterases potentially
rapidly converts ATP, ADP, AMP and cAMP to adenosine [10,
36]. In the present studies, we used both hydrolyzable and
non-hydrolyzable forms of ATP to find equivalent stimulatory
effects on healing of wounds made in two types of renal epithelial
cells. These observations suggest that extracellular ATP receptors
may play a role in this healing process. It should be noted that the
magnitude of effect of adenine nucleotides to promote healing of
renal epithelial cell wounds that we found was variable from
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Fig. 4. Effectsof PMA on LLC-PK1 (A) and
MDCK (B) cell adhesion. Each data point
represents the mean SEM of three separate
paired studies performed in duplicate.
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Fig. 5. Effects of caiphostin C (5 X iO M) on LLC-PK1 cell adhesion.
Each bar represents the mean SEM of 3 paired studies performed in
duplicate. Symbols are: (LI) control; () calphostin C. *p < 0.05.
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Fig. 6. Effects of calphostin C (5>< iO' M) on MDCK cell adhesion. Each
bar represents the mean SEM of3 paired studies performed in duplicate.
Symbols are: (LI) control; () calphostin C. *p < 0.05.
experiment to experiment, and was generally of a much smaller
magnitude than that reported by Kartha and Toback [221.
With regard to extracellular adenine nucleotide receptors,
previous rank order studies in our laboratory using a variety of
ATP analogues support the presence of a P2 type of purinoceptor
on LLC-PK1 cells [11]. More recent studies suggest that two
subtypes of P2 receptors exist. One subtype is very sensitive to
ATP but insensitive to the pyrimidine UTP [6—91. Conversely,
another subtype of P2 receptor appears equally sensitive to ATP
and UTP [6—91. We found that equimolar concentrations of ATP
and UTP stimulate equivalent healing of MDCK cell wounds
while ATP but not UTP promotes recovery of LLC-PK1 cell
wounds. These results are compatible with differences in P2,,
receptor subtype on LLC-PK1 and MDCK cells.
We also studied the mechanism(s) whereby ATP promotes
wound healing. We first examined if ATP stimulation of cellular
proliferation played a role in the healing process. In this regard,
ATP, at a concentration that stimulated wound healing, did not
increase 3H-thymidine uptake in LLC-PK1 cells but did modestly
stimulate 3H-thymidine uptake in MDCK cells. Subsequently, we
irradiated both cell types with 4,000 rads. This degree of irradia-
tion reduced BrdU uptake in ATPyS-treated MDCK cells by
89%. Despite this marked reduction in an index of cellular
proliferation, wound healing was not impaired. We also found
that ATP enhanced healing within six hours, a time interval that
is a small fraction of a normal LLC-PK1 and MDCK cell cycle.
Previous studies by Kartha and Toback also found that concen-
trations of adenine nucleotides that stimulate BSC-1 renal cell
migration do not stimulate proliferation (22]. Together, the
present and previous results suggest that ATP can promote wound
healing in renal tubular epithelial cells, at least in part, indepen-
dent of cellular proliferation.
In many cell types including LLC-PK cells, P2,, receptors are
linked to hydrolysis of inositol phosphate, mobilization of intra-
cellular calcium and translocation of protein kinase C [11—14]. In
mononuclear leukocytes and Chinese hamster ovary cells, an
agent which activates protein kinase C (PMA) enhances cellular
adhesion [27—30]. We therefore examined the effects of concen-
trations of PMA previously found in our laboratory to activate
protein kinase C in LLC-PK1 and other types of cultured renal
tubular epithelial cells on wound healing [31, 371. We found a
dose-dependent effect of short-term exposure to PMA to stimu-
late LLC-PK1 and MDCK cell wound healing. Moreover, longer
exposure (24 hr) to PMA (a maneuver which can decrease cell
protein kinase C) inhibits LLC-PK1 and MDCK wound healing.
We cannot exclude, however, that 24 hours exposure to PMA
exerts a cytotoxic effect. Therefore, to confirm our observations,
we also examined the effect of two protein kinase C inhibitors on
wound healing [33—351. In these studies, calphostin C, an agent
which exerts some specificity for protein kinase C since it acts at
its lipid binding site, and chelerythrine, which acts at the catalytic
domain, inhibit basal wound healing in both cell types and ATP
stimulation of healing in LLC-PK1 cells. Taken together, these
results suggest that protein kinase C may be an important
regulator of basal wound healing in both LLC-PK1 and MCDK
cells and of ATP-stimulated LLC-PK1 cell wound healing.
Since migration of cells may be a significant contributing factor
in wound healing, we also examined the effect of adenine nude-
otides on cellular adhesion. The adhesion process was studied
since it appears that adhesion of cells to specific receptors in
extracellular matrix substrate components may be an important
initial step in wound healing. In studies on short-term cell-to-
matrix adhesion, we found that ATP promoted adhesion of
LLC-PK1 cells to plastic, while ATP promoted adhesion of
MDCK cells to plastic and fibronectin. The phorbol ester PMA
markedly enhanced adhesion to plastic, fibronectin and laminin in
both cell types while caiphostin C inhibited adhesion to all
substrates tested. These results suggest that adenine nucleotides
and protein kinase C may be important regulators of renal tubular
epithelial cell adhesion to basement membrane substrates. How-
ever, since a generally greater effect of PMA and calphostin C
than of ATP on cell-matrix adhesion was found, further studies
are required to delineate the mechanisms of this enhanced
adhesion as well as to determine if this adhesion effect is
important in the wound healing process. It is interesting to note
that the three processes of cellular adhesion, spreading and
migration all appear to be mediated by separate receptors in other
cell types such as human melanocytes [38].
We should acknowledge some of the shortcomings of the
present results. Although our studies suggest that ATP and
protein kinase C regulate wound healing, migration and adhesion
of renal tubular epithelial cells, the precise cellular mechanisms
involved in this regulation remain to be determined. Moreover,
our data on a role for protein kinase C to mediate the effects of
ATP to stimulate wound healing are most firmly established for
LLC-PK1 cells. In MDCK cells, some of our data with regard to
protein kinase C regulation of healing (such as a lack of effect of
brief PMA exposure to enhance 24 hr wound healing) differs from
results seen in LLC-PK1 cells. This may not be an entirely
surprising finding since LLC-PK1 and MDCK cells differ greatly
with regard to the isoforms of protein kinase C present within
each cell type [39—42]. Moreover, protein kinase C regulation of
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a single cellular function (for example, Na,K-ATPase) may differ
significantly when two renal tubular cell lines (LLC-PK1 and OK)
are compared [41]. However, our data do demonstrate that both
ATP and protein kinase C appear to be significant regulators of
both migration and adhesion in LLC-PK1 and MDCK cells.
Finally, there is substantial variability in the percent of surface
area healed in many of our studies.
In summary, our results suggest the potential for selected
adenine nucleotides to participate in healing of epithelial cell gaps
in renal tubular cell monolayers. This healing appears to occur by
purinoceptors which stimulate cellular migration. Our results
suggest that this migration may occur by a protein kinase C
regulated mechanism. Our results are of interest in view of the
reported effects of nucleotides to speed recovery from acute renal
failure. It is possible that some of the salutory effects of selected
nucleotides may be due to cell migration resulting in enhanced
re-establishment of an intact renal tubular epithelial cell surface.
Acknowledgments
These studies were supported by research funds from the Department
of Veterans Affairs Medical Center. We thank Gloria Smith for secretarial
support.
Reprint requests to Robert J. Anderson, M.D., Medical Service (111),
Denver Veterans Affairs Medical Center, 1055 Clermont Street, Denver,
Colorado 80220, USA.
References
1. ANDERSON RJ, SCHRIER RW: Acute tubular necrosis, in Diseases of the
Kidney (5th ed), edited by SCHRIER RW, GOTrSCHALK CW, Boston,
Little Brown, 1993, pp 1287—1318
2. SIEGAL NJ, GAuDI0 KM: Amino acids and adenine nucleotides in
acute renal failure, in Acute Renal Failure (2nd ed), edited by
BRENNER BM, LAZARUS JM, New York, Churchill Livingstone, 1988,
pp 857—873
3. TOBACK GS: Regeneration after tubular necrosis. Kidney mt 41:226—
246, 1992
4. PALLER MS, SCHNAITH EJ, ROSENBURG ME: ATP enhances recovery
from renal ischemia by stimulating cellular proliferation. (abstract)
JASN 1:601, 1990
5. GORDON JL: Extracellular ATP: Effects, sources and fate. Biochem J
233:309—319, 1986
6. WILLIAMS M: Purine receptors in mammalian tissues: Pharmacology
and functional significance. Ann Rev Phannacol Toxicol 27:315—345,
1987
7. DUBYAK GR, EL-MOATASSIM C: Signal transduction via P2-purinergic
receptors for extracellular ATP and other nucleotides. Am J Physiol
265:C577—C606, 1993
8. O'CoNNoR SE, DAINTY IA, LEFF P: Further classification of ATP
receptors based on agonist studies. Trends Physiol Sci 12:137—141,
1991
9. BARNARD EA, BURNSTOCK G, WEBB TE: G protein-coupled receptors
for ATP and other nucleotides: A new receptor family. Trends Physiol
Sci 15:67—70, 1994
10. ANDERSON Ri: Adenosine: Mechanisms of renal actions. Contemp
Issues Nephrol 23:281—296, 1991
11. ANDERSON Ri, BRECKON R, DIXON BS: ATP receptor regulation of
adenylate cyclase and protein kinase C activity in cultured renal
LLC-PK1 cells. J Clin Invest 87:1732—1738, 1991
12. WEINBERG JM, DAVIS JA, SHAYMAN JA, KNIGHT PR: Alterations of
cytosolic calcium in LLC-PK1 cells induced by vasopressin and
exogenous purines. Am J Physiol 256:C967—C976, 1989
13. HEMPINS B, DESMEDT H, CASTEELS R: Intracellular Ca2 signaling
induced by vasopressin, ATP and epidermal growth factor in epithelial
LLC-PK1 cells. Am J Physiol 265:C966—C975, 1993
14. HARADAH, TAI H, MOTOMURA A, SuzuJi S, SUKETA Y: Extracellular
ATP-induced regulation of epidermal growth factor signaling in
cultured renal LLC-PK1 cells. Am J Physiol 264:C956—C960, 1993
15. KARTHA5, SUKAHATME VP, TOBACK FG: ADP activates protoonco-
gene expression in renal epithelial cells. Am J Physiol 252:F1 175—
P1179, 1987
16. SIMMONS NL: Identification of a purine (P2) receptor linked to ion
transport in a cultured renal cell (MDCK) epithelium. Brit J Pharma-
col 73:379—384, 1981
17. FRIEDRICH F, WEiss H, PAULMICHL M, WOLL E, WALDEGGER 5, LN
F: Further analysis of ATP-mediated activation of K channels in
renal epithelioid Mandin Darby canine kidney (MDCK) cells. Eur J
Physiol 418:551—555, 1991
18. MIDDLETON JP, MANGEL AW, BASAVAPPA S, FITz JG: Nucleotide
receptors regulate membrane ion transport in renal epithelial cells.
Am J Physiol 264:F867—F873, 1993
19. WEIHPRECHT H, LORENZ iN, BRIGGS JP, SCHNERMANN J: Vasomotor
effects of purinergic agonists in isolated rabbit afferent arterioles. Am
JPhysiol 263:F1026—F1033, 1992
20. MITCHELL KD, NAVAR LG: Modulation of tubuloglomerular feedback
responsiveness by extracellular ATP. Am J Physiol 264:F458—F466,
1993
21. KARTHA 5, TOBACK FG: Purine nucleotides stimulate DNA synthesis
in kidney epithelial cells in culture. Am JPhysiol 249:F967—F972, 1985
22. KARTHA 5, TOBACK FG: Adenine nucleotides stimulate migration in
wounded cultures of kidney epithelial cells. J Clin Invest 90:288—292,
1992
23. SCHULZE-LOHOFF E, ZANNER 5, OGILIvIE A, STERZEL RB: Extracel-
lular ATP stimulates proliferation of cultured mesangial cells via
P2-purinergic receptors. Am J Physiol 263:F374—F383, 1992
24. MCCARTHY JB, SKUBITZ AP, Yl OZ, MUKELSON Di, KLEIN Di,
FURCHT LT: RGD-independent cell adhesion to the carboxy-terminal
heparin-binding fragment of fibronectin involves heparin-dependent
and independent activities. J Cell Biol 110:777—787, 1986
25. URUSHIHARA H, OzAJU HS, TAKEICHI M: Immunological detection of
cell surface components related with aggregation of chinese hamster
ovary and chick embryonic cells. Dev Biol 70:206—216, 1979
26. SPONSEL HT, BRECKON R, HAMMOND W, ANDERSON RJ: Mechanisms
of recovery from mechanical injury of renal tubular epithelial cells.
Am J Physiol 267:F257—F264, 1994
27. PATARROYO M, BEAITY PG, FABRE JW, GAHMBERG CC: Identifica-
tion of a cell surface protein complex mediating phorbol-ester induced
adhesion (binding) among human mononuclear leukocytes. Scand J
Immunol 22:171—182, 1985
28. DANILOV YN, JULIANO RL: Phorbol ester modulation of integrin-
mediated cell adhesion: A postreceptor event. J Cell Biol 108:1925—
1933, 1989
29. WILKINS iA, STUPACK D, STEWARD 5, LAIXA 5: /3 integrin-mediated
lymphocyte adherence to extracellular matrix is enhanced by phorbol
ester treatment. Eur J Immunol 21:517—522, 1991
30. VuoRl K, RUOSLAFITI E: Activation of protein kinase C precedes a5f31
integrin-mediated cell spreading on fibronectin. J Biol Chem 268:
21459—21462, 1993
31. ANDERSON Ri, BRECKON R: cAMP stimulates protein kinase C
activity in cultured renal LLC-PK1 cells. Am J Physiol 261 :F945—F950,
1991
32. ADAMS JC, GULLICK Wi: Differences in phorbol-ester-induced down-
regulation of protein kinase C between cell lines. Biochem J 257:905—
911, 1989
33. KOBAYASHI E, NAKANO H, MARIMOTO M, TAMAOKI T: Calphostin C
(UCN-1028C), a novel microbial compound, is a highly potent and
specific inhibitor of protein kinase C. Biochem Biophys Res Comm
159:548—553, 1989
34. HERBERT JM, AUGEREAU JM, GLEGE J, MAFFRAND JP: Chelerythrine
is a potent and specific inhibitor of protein kinase C. Biochem Biophys
Res Comm 172:993—999, 1990
35. BRUNS RF, MILLER FD, MERRIMAN RL, HOWBERT JJ, HEATH SF,
KOBAYASHI E, TAKAHASHI I, TAMOAKI T, NAKANO H: Inhibition of
92 Sponsel et a!: Nucleotides and renal wound healing
caiphostin C is light-dependent. Biochem Biophys Res Comm 176:288—
293, 1991
36. LEHIR M, KAISSLING B: Distribution and regulation of renal ecto-5'-
nucleotidases: Implications for physiologic functions of adenosine.
Am J Physiol 264:F377—F387, 1993
37. DixoN BS, BRECKON R, BURKE CK, ANDERSON RJ: Phorbol esters
inhibit adenylate cyclase activity in cultured collecting tubular cells.
Am J Physiol 254:C183—C191, 1988
38. ZAMBRUNO G, MARcHIsI0 PC, MELCHIORI A, BONDANZA S, CAN-
CEDDA R, DELUCA M: Expression of integrin receptors and their roles
in adhesion, spreading and migration of normal human melanocytes.
J Cell Sci 105:179—190, 1993
39. GoDsoN E, WEISS BA, INSEL PA: Differential activation of protein
kinase C cs is associated with arachidonate release in Mandin-Darby
canine kidney cells. J Biol Chem 265:8369—8372, 1990
40. ZIEGLER A, KNESEL J, FABBRO D, NAGAMINE Y: Protein kinase C
downregulation enhances cAMP-mediated induction of urokinase-
type plasminogen activator mRNA in LLC-PK1 cells. J Biol Chem
266:21067—21074, 1991
41. MIDDLETON JP, KHAN WA, COLLENSWORTH G, HANNUN YA, MED-
FORD RM: Heterogeneity of protein kinase C mediated rapid regula-
tion of Na/K-ATPase in kidney epithelial cells. J Biol Chem 268:
15958—15964, 1993
42. CARDONE MH, SMITH BL, SONG W, MACHLY-ROSEN D, MOSTOV KE:
Phorbol myristate acetate-mediated stimulation of transcytosis and
apical recycling in MDCK cells. J Cell Biol 124:717—727, 1994
